In textbooks, regeneration failure has been generally described as an issue of the mammalian CNS. As a result, the majority of studies have been performed in mammals or mammalian neuronal cultures. Through these, it has been established that both neuron-intrinsic growth ability and the extracellular environment control the process of nerve regeneration (Yiu and He 2006; Fitch and Silver 2008; Schwab 2010; Liu et al. 2011; Bradke et al. 2012) . Importantly, the molecular identities of such extrinsic and intrinsic contributors are starting to be revealed. However, because of technical limitations, mammalian models are not easily amenable to some of the powerful manipulations, such as forward genetic studies and in vivo imaging, that are feasible in lower organisms. It has been assumed that, like the mammalian peripheral nervous system (PNS), lower organisms can always regenerate their axons spontaneously. These assumptions, however, have not been formally tested in many cases, and a new example to the contrary is presented in the study by Song et al. (2012) in this issue of Genes & Development. In addition to revealing important cellular and molecular insights into the complexity of axon and even dendrite regeneration, this study highlights the potential for injury models in invertebrates and lower vertebrates to complement those in mammals.
Model systems for regeneration studies
Albeit infrequently, lower vertebrates and invertebrates have been used for some time in neuronal injury studies, and these studies demonstrate the potential lower organisms have for revealing insights into nerve regeneration (Spira et al. 2003; Martin et al. 2010; Chen et al. 2011 ). Because of their large size and reliable growth ability, neurons from Aplysia californica and squid have been a powerful model in studying how neurites respond to injury in vivo (Krause et al. 1994; Spira et al. 2003; Erez et al. 2007) . With the development of precise femtosecond laser-assisted lesion methods (Yanik et al. 2004 ), it is also now possible to monitor the live injury responses of single axons in lower organisms that have much smaller neurons. Using this method in transgenically labeled fluorescent axons in Caenorhabditis elegans, it has been shown that axons from a variety of neurons, such as the GABAergic motor neurons and mechanosensory neurons, are able to regenerate after injury. Combining this with powerful genetic screens to find mutations that disrupt this regeneration, several important signaling pathways and molecules controlling the process of axon regeneration have been identified (Hammarlund et al. 2009; Yan et al. 2009; Bejjani and Hammarlund 2012) . Furthermore, now that laser-assisted axotomy can be facilitated with customized microfluidic devices, C. elegans is poised for high-throughput genetic and pharmacological studies (Guo et al. 2008; Ghannad-Rezaie et al. 2012) . Such axotomy procedures have also been used in other model organisms, such as zebrafish and Drosophila (Sugimura et al. 2003; O'Brien et al. 2009; Martin et al. 2010 ). In general, these studies are consistent with the dogma that axons in these lower organisms are all capable of regeneration. Recent results, however, demonstrate that this is not always the case.
Cell type-specific axon regeneration in Drosophila Using such laser-assisted lesioning, Song et al. (2012) examined the regenerative responses to axotomy as well as dendriotomy in Drosophila's sensory dendritic arborization (da) neurons. Similar to sensory neurons in the [Keywords: CNS; Pten; bantam; dendritic arborization neuron; microRNA; regeneration] mammalian dorsal root ganglia (DRG), these da neurons' somas and dendritic branches are located in the periphery, and their axons travel through peripheral tissues and into the ventral nerve cord (VNC), a part of the Drosophila CNS, to form synapses. Based on dendritic branching morphology, these da neurons can be divided into four classes: class I to class IV (Grueber et al. 2002) . Class I neurons possess the simplest dendrite pattern, classes II and III have more complex dendritic fields, and class IV neurons have the most vigorous dendritic arborization (Grueber et al. 2002) . Song et al. (2012) found that class IV da neurons are able to regenerate their axons if the lesion occurs in the peripheral portion of the axon. In contrast, the other classes fail to elicit a significant regenerative response after axotomy. This is the case even though class III neurons have a similar dendritic phenotype and are born at the same time as class IV ones, suggesting that regenerative capacity is likely independent of dendritic morphology complexity or developmental timing. Such cell type differences came as a surprise because it has been assumed that all sensory neurons in the periphery are regeneration-competent. On the other hand, it is known that different types of neurons in the mammalian CNS possess distinct regenerative capacities. For example, when a permissive graft is transplanted into the injured rat spinal cord, propriospinal axons can regrow into the graft, whereas corticospinal tract axons cannot (Richardson et al. 1982 ). The results from Song et al. (2012) suggest that differential regenerative ability can be associated with peripheral as well as CNS neurons.
What could account for such cell type-dependent differences in regenerative ability? In principle, neuronal states, including their regenerative ability, might be specified by gene expression programs. Consistent with this, recent studies have implicated certain transcription factors (such as STAT3 [Smith et al. 2009; Sun et al. 2011] , KLFs [Moore et al. 2009; Blackmore et al. 2012] , and CREBs [Gao et al. 2004] ) and translational regulators (such as mTOR [Park et al. 2008; Liu et al. 2010] ) as important regulators of intrinsic regenerative ability in mammalian neurons. In Drosophila da neurons, it is known that certain transcription factors regulate the diversity and complexity of dendrites (Grueber et al. 2003; Parrish et al. 2006) . These differentiation programs might also predetermine their regrowth potential. It has been shown that a da neuron's dendritic branch pattern can be altered by manipulating the expression of these factors. For example, ectopic expression of cut increases the dendritic complexity of class I da neurons such that it resembles that of class IV neurons (Grueber et al. 2003) . It would be interesting to see whether similar manipulations might also alter their regenerative responses. Future studies in this direction have the potential to identify novel transcriptional regulators of regenerative potential.
Another surprising observation from Song et al. (2012) , and another example that counters the assumption that all axons in lower organisms regenerate, is that, even in class IV neurons, little regeneration is induced if the lesion occurs within the portion of the axon that resides in the CNS. Instead, these results suggest that these class IV neurons are similar to mammalian DRG sensory neurons, whose axons regenerate well in the periphery but poorly in the CNS. Despite numerous efforts, the mechanisms that account for the differential responses of DRG peripheral and central branches remain unclear. Future genetic studies on these class IV neurons might provide new insights into this question.
Dendrite regeneration
In contrast to axotomy, very little is known about neuronal responses to dendrite injury. In mammals, it is known that dendritic remodeling occurs both during development and in the adult (Yuste 2011) and that this remodeling can be regulated by neuronal activity (Trachtenberg et al. 2002; Hofer et al. 2009 ). However, whether injured dendrites are able to regenerate has not been systematically addressed. A major hurdle for such studies is the diffusivity of dendritic projection patterns. The laser-assisted focal lesioning method, together with transparency of the cuticle in Drosophila larvae (Chang and Keshishian 1996; Sugimura et al. 2003; Stone et al. 2010) , makes it feasible to sever single dendrites and monitor their regenerative responses in vivo.
By doing this in type IV da neurons, Song et al. (2012) found that the transected dendrite responds in a binary manner: In some cases, the injured dendrites regenerate new branches from the severed stem to reoccupy denervated space. In other cases, the injured dendrite stalls or retracts, and a neighboring dendrite expands its arborization to occupy the empty field left by the injured one. Although it is unknown what accounts for such an ''all or none'' response, the refilling of empty space by either regeneration or sprouting indicates that these neurons have substantial growth potential.
Strikingly, dendrite regeneration also occurs in a cell type-specific manner. In contrast to the class IV neurons, da neurons in other classes always fail to regenerate their injured dendrites. Moreover, the territory denervated by dendriotomy is not refilled by neighboring branches as it is in class IV neurons. This consistency in cell type specificity for both axon and dendrite regeneration suggests that a common genetic program controls the growth ability of both axons and dendrites.
An interesting note is that these injury experiments were performed in the larvae at the stages when dendrites are still growing (scaling), albeit at a slower rate. However, even in regeneration-competent class IV neurons, only about half of the injured dendrites are able to regenerate, suggesting that other factors in addition to neuronal growth capacity might be involved in dendritic regenerative responses. For example, it would be interesting to see whether the focal dendriotomy triggers consistent injury signals, such as calcium influx as observed after axotomy (McNeil and Kirchhausen 2005; Kamber et al. 2009; Ghosh-Roy et al. 2010) . Nevertheless, the establishment of an efficient dendriotomy procedure should facilitate the investigation of these and other issues related to dendrite regeneration.
A possible regeneration indicator: microtubule (MT) polarity reversal
In these model systems, precise lesioning and live imaging enable the possibility of monitoring cellular events after injury and during regeneration. This has been manifested in recent findings in C. elegans. Genetic studies identified the DLK-1 (dual leucine zipper-bearing kinase 1) MAP kinase pathway as a positive regulator of axon regeneration in C. elegans (Hammarlund et al. 2009; Yan et al. 2009 ). In continued efforts to explore the underlying mechanisms, Hammarlund et al. (2009) found that the failure of severed axons to regenerate in dlk mutants appeared to be due to the inability to reform a growth cone. Together with other results, these findings suggest that growth cone regeneration can be a rate-limiting step in axon regeneration.
Growth cone regeneration has been extensively studied in cultured neurons (Bradke and Dotti 2000; Verma et al. 2005; Bradke et al. 2012) . It has been shown that an initial response to lesioning is a retrograde wave of MT depolymerization in the proximal segment of the injured neurite (Erez et al. 2007 ). Thus, transforming such destabilized MTs into dynamic cytoskeletal structures that support neurite extension has been proposed to be critical in growth cone formation (Bradke et al. 2012) . A logical step in facilitating this would be to stabilize the MT. Indeed, it has been shown that MT stabilization induced by pharmacological or genetic means appears to promote axon regeneration (Erturk et al. 2007; Stone et al. 2008; Chen et al. 2011; Hellal et al. 2011) .
A salient feature of MTs is their polarity. In an axon, plus ends point away from the cell body, and this is critical for transporting different organelles and molecules to axonal terminals. In vertebrates, dendritic MTs have a mixed orientation (Dombeck et al. 2003) , but in Drosophila, dendrites show a uniform organization of MTs, with the plus end always pointing toward the cell body (Stone et al. 2008 ). The question is: What happens to the MT polarity after axotomy or dendriotomy? By following the MT plus end marker EB1-GFP, Song et al. (2012) found an interesting correlation. MT polarity disorganization always accompanies the regenerative response after either axotomy or dendriotomy (Fig. 1) . In class IV da neurons, MT polarity is partially reversed after axotomy, leaving a mixed MT organization in the regenerating axon and in the dendrites closest to the severed axon. Even in severed dendrites that fail to regenerate, mixed MT polarity is seen in the neighboring branch that eventually takes over the vacant space (Stone et al. 2010; Song et al. 2012) . On the other hand, in injured dendrites that initiate regeneration, the MT reversal is seen only in the regrowing branch. Thus, it appears that MT polarity reversal might be an important step in transforming injury signals into the initiation of regeneration. It will be interesting to find out whether MT polarity reversal also occurs in other neurons and, more importantly, how MT polarity is re-established in a neurite once it initiates regrowth.
MicroRNA (miRNA)-dependent regulation of neuronal regenerative ability
As mentioned above, both neuron-intrinsic growth ability and the extracellular environment regulate axon regeneration in mammals. Multiple inhibitory molecules present in the lesion site contribute to limiting regenerative growth in the mammalian CNS. In contrast, Schwann cells rich in laminin and other permissive extracellular matrix proteins promote axon regeneration in the PNS. This also appears to be the case in Drosophila, as regenerating axons always grow with glial processes, which likely play supporting roles similar to Schwann cells in mammalian PNS.
On the other hand, neuron-intrinsic regenerative capacities also determine their regenerative outcome after injury. In recent years, several molecular pathways, such as PTEN/mTOR (Park et al. 2008; Liu et al. 2010 ), SOCS3/STAT3 (Smith et al. 2009 ), KLFs (Moore et al. 2009; Blackmore et al. 2012) , Smad-1 (Parikh et al. 2011) , and DLK-1 (Hammarlund et al. 2009; Yan et al. 2009 ), have been identified as regulators of the intrinsic ability. It appears that the PTEN/mTOR pathway also regulates the regenerative response in Drosophila da neurons (Song et al. 2012 ). Similar to mammalian CNS neurons, inhibiting PTEN or activating Akt (a key downstream effector after PTEN inhibition) in Drosophila class IV da neurons enhances their regenerative responses to both axotomy and dendriotomy, suggesting that this as an evolutionarily conserved growth program that regulates neuronal regenerative ability. However, it is important to note that activation of the Akt pathway is not sufficient to activate a significant regenerative response in regeneration-incompetent class I da neurons, suggesting that other Akt-independent pathways are also critical in regulating neuronal responses to injury.
Despite the role of Akt/mTOR in regulating neuronal growth potential, how such pathways are regulated during development and after injury remains unsolved. Many different mechanisms have been implicated in regulating mTOR activity in nonneuronal cells. The results by Song et al. (2012) reveal an interesting new player; namely, the miRNA bantam (ban). This miRNA acts non-cell-autonomously to regulate neuronal Akt activity and regenerative potential. Initial hints that this may be true came from a forward genetic screen that searched for molecules regulating the growth of dendritic arbors of sensory neurons in Drosophila (Parrish et al. 2009 ). During larval stages, dendrites of da sensory neurons first exhibit a rapid growth phase to establish dendritic coverage of their receptive fields. This is followed by a subsequent scaling phase in which dendrites grow in proportion to the growth of their target epithelial cells and the larva as a whole to maintain receptive field coverage. The miRNA ban was identified as a potent regulator of this dendritic scaling. In ban mutants, dendrites initially establish proper receptive fields, but their growth fails to synchronize with the growth of their epithelial targets during the scaling phase. This then leads to a late stage phase of exuberant dendritic growth.
Interestingly, instead of acting in da neurons, ban appears to function in their target epithelial cells, and this results in a down-regulation of Akt expression and activity in da neurons by unknown mechanisms. Song et al. (2012) showed that after dendritomy, da neurons in ban mutants exhibited enhanced regeneration, which would correlate with the late stage period of dendritic growth seen in the Parrish et al. (2009) study. Furthermore, this enhanced regeneration could be mimicked by either PTEN silencing or Akt overexpression in neurons. These results reveal a novel miRNA-dependent mechanism by which the dendritic targets can regulate pathways in neurons that control growth potential.
Interestingly, ban's involvement in dendrite regeneration is reminiscent of the role of miR-206, a skeletal muscle-specific miRNA, in promoting the regeneration of the neuromuscular synapses in mice (Williams et al. 2009 ). Mice that are genetically deficient in miR-206 develop normal neuromuscular synapses but show a defect in regeneration of such synapses after acute nerve injury. Instead of affecting axon regeneration, miR-206 expressed in muscle might generate a local signal that influences the interaction between regenerating motor axons and muscle fibers. Together, these results suggest that miRNAs expressed in the targets of neurons might be a general mechanism regulating neuronal growth ability. Obviously, many questions are still open. For example, how is the expression of these miRNAs regulated? Is the regulation bidirectional between the target and neuron? What are the mediators of miRNA signaling in nonneuronal cells as well as neurons? Also, how do such miRNA-dependent mechanisms affect neuronal regenerative ability in other neurons, including those in the mammalian CNS?
Small invertebrates such as C. elegans and Drosophila melanogaster have become powerful model systems for deciphering the complex genetic networks and mechanisms involved in axon regeneration by virtue of the ability to perform forward and reverse genetic manipulations in these systems. They also present a significant advantage compared with mammals for live imaging. Because their cuticle is transparent, it is possible to perform real-time imaging of a single axon within the animal to study axonal regrowth and the underlying processes after injury. Undoubtedly, these organisms will continue to complement mammalian models and reveal important insights into the cellular and molecular mechanisms of axon and dendrite regeneration.
